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Infrared spectroscopyThe thermotropic phase behavior and organization of model membranes composed of binary mixtures of the
quadruple-chained, nominally dianionic phospholipid tetramyristoylcardiolipin (TMCL) with the double-
chained, monoanionic phospholipid dimyristoylphosphatidylglycerol (DMPG) were examined by differential
scanning calorimetry (DSC) and Fourier-transform infrared (FTIR) spectroscopy. The gel/liquid-crystalline
phase transitions observed in thesemixtures byDSC are generally rather broad and exhibit complex endotherms
over a range of compositions. However, the phase transition temperatures and enthalpies exhibit nearly ideal
behavior. Also, FTIR spectroscopic detection of the formation of stable and metastable DMPG-like lamellar crys-
talline (Lc) phases only at high DMPG levels upon low temperature annealing, and stable TMCL-like Lc phases at
all higher TMCL concentrations, indicates that at low temperatures, laterally segregated domains of these two
phospholipids must form, from which these different Lc phases nucleate and grow. Comparison of these results
with those of a previous study of DMPE/TMCL mixtures (Frias et al., 2011) indicates that DMPG mixes slightly
less well with TMCL than DMPE, perhaps because of the negative charge of the latter. However, in both binary
mixtures, TMCL inhibits the formation of the Lc phase by DMPE even more strongly than for DMPG. Overall,
our data suggest that TMCL and DMPG actually mix well across a broad temperature and composition range
when the fatty acid chains of the two components are identical and only a modest (~17 °C) difference between
their Lβ/Lα phase transition temperatures exists. A recent DSC and X-ray diffraction study of DPPG/TMCL
mixtures report similar results (Prossnigg et al., 2010).
© 2015 Elsevier B.V. All rights reserved.1. Introduction
The structure and organization of lipid bilayer model membranes
composed of mixtures of two or more lipids are of particular biological
importance, since the lipids of all biological membranes are hetero-
geneous mixtures of different classes and molecular species of lipids.
This fact has provided the motivation for a number of studies of thesphatidylglycerol; DMPG,
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y).thermotropic phase behavior and mixing properties of a wide range of
lipid mixtures [1]. The results of such studies are usually expressed as
temperature-composition pseudo-phase diagrams, from which impor-
tant information about the phase behavior and miscibility of speciﬁc
lipid components can be obtained. The importance of such studies has
now increased because of suggestions that animal and plant plasma
membranes may contain laterally segregated, compositionally distinct
domains (rafts) that may be essential for the normal functioning of
membrane proteins and transmembrane signaling systems [2–6].
Of the limited number of studies of mixtures of different classes of
phospholipids that have been performed, relatively few have focused
on cardiolipin (CL)-containing systems, presumably because this nomi-
nally dianionic, quadruple-chained lipid is not a major component of
most animal and plant cell membranes. However, CL is usually a
major phospholipid component of the membranes of many types of
Gram-negative and especially Gram-positive bacteria. It is also found
in appreciable quantities (10–20% by weight) in both themitochondrial
inner and outer membranes and in smaller amounts in the chloroplast
inner membranes of eukaryotes [7–11], where its primary role seems
to be in supporting the function of keymembrane proteins [7]. In partic-
ular, CL has been shown to be important for the structural stabilization
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volved in ATP synthesis and energy transduction [12–18], and for main-
taining the structure and function of the Type II photoreaction center of
photosynthetic bacteria and plants [16]. In higher eukaryotes, CL is also
an effector of the cytochrome P-450-dependent cholesterol side-chain
cleavage enzyme and activates cytochrome c oxidase and themitochon-
drial phosphate carrier protein [19–21]. In this regard, it has been sug-
gested that the capacity for structurally speciﬁc interactions with
membrane CL may be highly conserved in such proteins [22]. As men-
tioned earlier, CL may also be found in substantially higher quantities
(~10–60 mol%) in the membranes of many bacteria, where elevated
levels of CL and its derivatives appear to enhance the tolerance of
these organisms to halophilic and resource-depletion stress [11,
23–25]. Moreover, CL-enriched domains have been reported to exist
in the inner membranes of mitochondria and bacteria, where they are
suggested to play several important structural and functional roles
[26–30]. Thus, the study of CL-containing lipid bilayers is important in
furthering our understanding of the physical properties required to sup-
port the function of many of membrane processes, especially those in-
volved in energy procurement and transduction [18,26–30].
Relatively few studies of CL membranes, and of membranes com-
posed of mixtures of CL with other lipids, have been performed. In
part, this is because the chemical synthesis of stereochemically pure
CL has not been as straight forward as with most other naturally occur-
ring phospholipids, so that only a few species of pure, synthetic CL are
currently commercially available. Thus, most of the studies of CL-
containing membranes have been performed with mixtures composed
of highly unsaturated CLs isolated from natural sources (predominantly
beef heart) and various other types of naturally occurring and synthetic
phospholipids, and the general consensus of such studies have been that
CL is highly immiscible with most other lipids (see [31] and references
cited therein). However, an unambiguous interpretation of many of
these results is often difﬁcult, because there are considerable differences
between the length and degree of unsaturation of the hydrocarbon
chains of the CL and non-CL components of the mixture. It is therefore
difﬁcult to disentangle the potential effects of variations in the polar
headgroup composition of the mixture from the known potentially
large effect of variations in fatty acyl group length and degree of
unsaturation on phospholipidmiscibility. To circumvent such problems,
we are studying the interactions of stereochemically pure, synthetic
TMCL with various dimyristoyl glycerophospholipids. In this regard,
we published earlier a DSC and FTIR spectroscopic study of the thermo-
tropic phase behavior of binary mixtures of the dianionic phospholipid
TMCL with the zwitterionic phospholipid dimyristoylphosphatidyl-
ethanolamine (DMPE) [32]. We now present the results of a similar
study of binary mixtures of TMCL with the monoanionic phospholipid
dimyristoylphosphatidylglycerol (DMPG). To our knowledge, this is the
ﬁrst study of PG/CL binary mixtures in which the hydrocarbon chains of
both components are identical. This study encompasses all aspects of
the polymorphic phase behavior exhibited by these mixtures and ad-
dresses a number of fundamental issues related to the overall miscibility
of these two lipids and the general principles underlying lipid/lipid inter-
actions in all of the polymorphic phases formed. We note here that PG is
usually amajor component of bacterialmembranes and is the biosynthet-
ic precursor of CL, and thus these two lipids almost always occur together
[8,9]. Thus, the study of the structure and organization of PG/CL lipid bi-
layermodelmembranes, and in particular of themiscibility of these phos-
pholipids, is biologically relevant.
2. Materials and methods
The phospholipids TMCL and DMPG were obtained from Avanti
Polar Lipids Inc. (Alabaster, AL) and used without further puriﬁcation.
Binary mixtures were prepared by mixing chloroform: methanol (9:1)
solutions of the lipids in the amounts required to obtain the desired
composition. The solvent was then slowly removed in a stream ofnitrogen such that the lipid mixture was cast as a thin ﬁlm on the
sides of a clean glass tube while maintaining a temperature near
60 °C. The lipid ﬁlmwas then dried in vacuo overnight to ensure remov-
al of the last traces of solvent. Hydration of the lipid ﬁlm was achieved
by placing some wet cotton wool into the tube (without contacting
the lipid ﬁlm) and allowing the sample to absorb water from the
water vapor-saturated air by warming the sample to temperatures
near 60 °C. Subsequently, the cottonwool was removed and the hydrat-
ed sample was quickly dispersed in pre-warmed buffer composed of
100 mM phosphate, 5 mM NaN3, 150 mM NaCl, pH 7.4 and mixed by
vigorous vortex mixing at temperatures near 60 °C. In one set of mea-
surements, samples containing 3–4 μmol of lipid were dispersed in
600 μl of buffer and a 500 μl aliquot was introduced into the hastelloy
capsule of a Calorimetry Sciences Corporation (Spanish Fork, UT)
high-sensitivity, heat-conduction Multi-Cell DSC instrument. Prior to
initial data acquisition, the sample was preconditioned by heating to
60 °C followed by cooling to 0 °C at scanning rates near 60 °C/h. Data ac-
quisition scans were then performed at heating and cooling scanning
rates near 10 °C/h. Note that in samples not incubated at low tempera-
ture, Lc phases do not form and the samples are thus not in thermody-
namic equilibrium before the start of the ﬁrst heating scan, since the
gel phase formed are metastable at lower temperatures. Subsequently,
the samples were cooled to−30 °C and incubated at that temperature
for 12h, then heated to 5 °C and incubated at that temperature to ensure
that all the ice had completelymelted. This low-temperature incubation
protocolwas repeated twice to ensure that Lc phase formationwas com-
plete, the sample was then cooled to 0 °C, and a further set of data-
acquisition runs, consisting of two cycles of heating and cooling at a
rate of 10 °C/h between 0 °C and 60 °C, was performed. Since further ex-
tensive incubation of these low temperature-annealed samples did not
result in any further changes in their thermotropic phase behavior, we
assume that they are in thermodynamic equilibrium prior to DSC anal-
ysis. Moreover, because of the low scan rates employed here, both
samples annealed or not at low temperatures should be at or near ther-
modynamic equilibrium during the actual DSC heating scans, although
this will not be true upon cooling. In a companion set of DSC measure-
ments, samples containing ~1mgof lipidwere dispersed in 1ml of buff-
er by methods similar to those described above. Subsequently, 323 μl
aliquots were loaded into a high-sensitivity power-compensation
Nano DSC instrument (Calorimetry Sciences Corporation) and data
were acquired between 0 °C and 60 °C at heating and cooling rates
near 10 °C/h. The measurements performed in the Multi-Cell DSC en-
abled an accurate mapping of the gel phase polymorphic behavior of
these samples, whereas those in the Nano-DSC measurements enabled
more accurate mapping of the boundaries of the gel/liquid-crystalline
phase transitions of the various lipid mixtures examined. The data ac-
quiredwere analyzed andplottedwith theOrigin Pro 7.5 software pack-
age (OriginLab Corporation, Northampton, MA), all exactly as
previously described [32].
FTIR spectroscopy was performed on samples containing 2–4 mg of
lipid. Samples were dispersed as described above in 50–75 μl of a D2O-
based buffer containing 100 mM phosphate, 150 mM NaCl, pH 7.4.
The dispersion was squeezed between the CaF2 windows of a heatable,
demountable liquid cell (NSG Precision Cells, Farmingdale, NY)
equippedwith a 25 μmteﬂon spacer. Oncemounted in the sample hold-
er of the spectrometer, the sample could be heated between−20 °C and
90 °C by an external, computer-controlled water bath. Prior to initial
data acquisition, samples were subject to the same low-temperature in-
cubation protocol described above for the DSC samples. Infrared spectra
were then acquired as a function of temperature with a Digilab FTS-40
Fourier Transform Spectrometer (Biorad, Digilab Division, Cambridge,
MA) using data acquisition parameters similar to those described by
Mantsch et al. [33]. The experiment involved a sequential series of
2 °C temperature ramps with a 20-minute inter-ramp delay for thermal
equilibration, andwas equivalent to an effective scanning rate of 4 °C/h.
The data obtained were analyzed using computer programs obtained
Fig. 1. DSC thermograms illustrating the polymorphic phase behavior exhibited by
aqueous dispersions of pure DMPG (A), and pure TMCL (B). In each panel the thermo-
grams labeled I and II, respectively, illustrate the heating and cooling behavior exhibited
by freshly prepared samples, and the thermograms labeled III and IV illustrate the heating
behavior initially observed after increasing periods of incubation at low temperatures. The
thermograms shown were acquired at scanning rates near 10 °C/h.
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Council of Canada. In cases where absorption bands appeared to be a
summation of components, a combination of Fourier deconvolution
and curve-ﬁtting procedures were used to obtain estimates of the posi-
tion of the component bands and to reconstruct the contours of the orig-
inal band envelope, again as described in detail previously [33].
3. Results
3.1. Differential scanning calorimetric studies
WeperformedDSC experiments on each DMPG/TMCLmixture stud-
ied here using two different protocols, one involving freshly prepared
samples only brieﬂy exposed to low temperatures so as to prevent the
formation of Lc phases, and the other involving an extensive incubation
at low temperatures designed to maximize the formation of Lc phases,
as described in the Materials and methods section. We wished to
study the former samples, although these are not at thermodynamic
equilibrium prior to DSC analysis, because these may be more biologi-
cally relevant, since the complex mixtures of different classes and mo-
lecular species of phospholipids present in even the simplest bacterial
membranes are not likely to form Lc phases, even if these membranes
were exposed to low temperatures for prolonged periods. Moreover,
in situationswhere a Lc phase forms upon exposure to low temperature
which melts at a temperature higher than the gel/liquid-crystalline
phase transition temperature, as is the case with the DMPG-enriched
samples studied here, the existence of the metastable gel states will
not be detected upon heating, and thus the biologically relevant gel/
liquid-crystalline phase transition cannot be studied. In contrast, while
samples incubated at low temperatures, which are at thermodynamic
equilibrium prior the DSC analysis, may be less biologically relevant,
they are required to study the full range of thermotropic phase behavior
exhibited by these mixtures and thus for their complete biophysical
characterization. Moreover, we and others have demonstrated that la-
mellar gel (Lβ or Pβ)/liquid-crystalline (Lα) phase transitions are always
fully reversible with little cooling hysteresis, while gel/gel (Lβ/Pβ) and
especially lamellar crystalline/gel (Lc/Lβ) or lamellar crystalline/liquid-
crystalline (Lc/Lα) phase transitions are not, at least on the DSC time-
scale (see Ref. [34]). Thus, the degree of reversibility and cooling hyster-
esis observed calorimetrically provides reliable information on the
general type of phase transition being monitored, although this infor-
mation should always be conﬁrmed and extended by the use of a non-
perturbing direct structural technique such as X-ray diffraction or, in
the present case, FTIR spectroscopy.
Heating and cooling DSC thermograms which illustrate the thermo-
tropic phase behavior exhibited by aqueous dispersions of pure DMPG
and pure TMCL are presented in Fig. 1A and B, respectively. The thermo-
tropic phase behavior of these two phospholipids individually have
been described fully elsewhere (see [35,36] and references cited there-
in), but are brieﬂy summarized to allow direct comparison with the
behavior of the binary mixtures. As illustrated in Fig. 1A, aqueous dis-
persions of pure DMPG not exposed to low temperatures exhibit a less
cooperative, less energetic (ΔHcal = 0.6 kcal/mol) endothermic peak
centered at about 14 °C and a highly cooperative, highly energetic
(ΔHcal ~5.9 kcal/mol) endothermic peak centered near 24 °C upon ini-
tial heating. A combination of spectroscopic and other physical tech-
niques have shown that the lower temperature endotherm arises
from the conversion of a rippled lamellar gel (Pβ′) to a planar lamellar
gel (Lβ′) phase (the pretransition), and the higher temperature endo-
therm arises from the conversion of the Lβ′ to the lamellar liquid-
crystalline (Lα) phase (the main or hydrocarbon chain melting transi-
tion) (see [35] and refs. therein). Upon cooling, the Lα phase of DMPG
reconverts to the Lβ phase at temperatures just below 24 °C and the
Pβ′/Lβ′ phase transition is not observed due to the hysteresis associated
with solid–solid phase transitions. Fig. 1A also shows that after equili-
bration at low temperatures for 1–2 days, the Lβ/Lα phase transitioncentered near 24 °C is partially suppressed and is replaced in part by a
considerably less cooperative but more energetic phase transition
(ΔHcal ~14.2 kcal/mol) centered at temperatures near 40 °C. Moreover,
longer incubation at low temperatures results in the complete disap-
pearance of the lower temperature endotherm and its replacement by
the higher temperature endotherm. The phase transition centered
near 40 °C has been assigned to the direct conversion of the lamellar
crystalline (Lc) form of the lipid to the Lα phase [35]. In contrast, the
DSC thermograms exhibited by freshly prepared samples of TMCL typi-
cally contain relatively broad,moderately energetic endotherms at tem-
peratures between 10–20 °C and between 25–30 °C, and a higher-
temperature endotherm centered near 40 °C (Fig. 1B). The two lower-
temperature events both arise from the conversion of Lc domains of
TMCL to the Lβ phase (the subtransition) and the high-temperature
event near 40 °C represents the conversion of the Lβ phase to the Lα
phase (the main phase transition) [36]. Upon cooling, the higher-
temperature event is shown to be fully reversible, although two exo-
thermic peaks are observed, and a single the lower-temperature endo-
therm is typically observed at temperatures near 8 °C, again due to
hysteresis. Fig. 1B also shows that after extensive low-temperature
incubation, the weak endotherm between 10–20 °C is completely sup-
pressed and that the intensity of the endotherm centered between
25–30 °C increases signiﬁcantly, while the properties of the higher-
temperature endotherm near 40 °C are unaffected. This behavior has
been ascribed to the annealing of small domains of Lc TMCL into larger
domains that are structurally similar [36]. For such samples, the en-
thalpies of the lower- and higher-temperature transitions are ~11.9
kcal/mol and ~12.9 kcal/mol, respectively [36]. However, since TMCL
contains four hydrocarbon chains per molecule rather then two hydro-
carbon chains per molecule, the per chain enthalpies of the main phase
transitions of DMPC (2.8 kcal/mol) and TMCL (3.2 kcal/mol) are more
similar, although the latter is still somewhat greater then the former.
The stacked DSC thermograms shown in Fig. 2 illustrate the general
patterns of thermotropic phase behavior exhibited by model mem-
branes composed of the binary mixtures of DMPG and TMCL as ob-
served upon initial heating (Panel A) and cooling (Panel B) of samples
not annealed at low temperatures, and upon initial heating (Panel
C) and cooling (Panel D) after application of the low-temperature incu-
bation procedures described in the Materials and methods section. We
note that the ﬁrst cooling scan (Panel D) and the second heating scan
and cooling scans of low temperature annealed DMPG/TMCL samples
Fig. 2. DSC thermograms illustrating the composition-dependent changes exhibited by model membranes composed of binary mixtures of DMPG and TMCL. Panel A shows the heating
endotherms which typify the thermotropic phase behavior observed upon initial heating of the samples not annealed at low temperature, and panel B shows the exothermic events of
these same samples observed upon cooling. Panel C shows the initial heating scans after these samples were annealed at low temperatures, and Panel D shows the exothermic events
of these same samples observed upon cooling. The data shown were acquired at the DMPG/TMCL mol ratios indicated and were recorded with the Multi-Cell DSC instrument operating
at scan rates near 10 °C/h.
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the ﬁrst heating and cooling scans of the same samples not annealed at
low temperatures (see Panels A and B in Fig. 2, respectively). This
behavior is expected, as the Lc phases initially present in the former
samples are destroyed upon heating to 60 °C and do not reform either
during the subsequent cooling scan or during their brief (about
10 min.) exposure to low temperatures in the interval between the
ﬁrst cooling scan and second heating scan, due to their slow kinetics
of formation at low temperatures.
It is clear that the thermotropic phase behavior exhibited by these
mixtures varies signiﬁcantly with the compositions of the mixtures
examined and their thermal history. However, the variations in these
composition-dependent changes are not continuous over the entire
composition range and, on the basis of the observed thermotropic
phase behavior, the compositional space can be deﬁned in terms of
three distinct regions. One of these (deﬁned here as the DMPG-rich re-
gion) spans the composition range 0–10mol% TMCL and the patterns of
thermotropic phase behavior exhibited by such mixtures can be sum-
marized as follows. Upon initial heating, the mixtures all exhibit a
broad weakly energetic lower-temperature endotherm and sharper
and considerably more cooperative higher temperature endotherm,
thermotropic events which appear to be analogous to the pretransition
and the gel/liquid-crystalline phase transition phenomena described
above for pure DMPG. Upon cooling, these two thermotropic events
are seen to be fully reversible. The gel/liquid-crystalline phase transition
exhibits little or no cooling hysteresis, occurring over temperature
ranges comparable to those observed upon heating, whereas with the
pretransition, there is some cooling hysteresis such that the reversal oc-
curs at temperatures ~4–6 °C lower than observed upon heating. The
heating thermograms observed immediately after incubation at low
temperature do not exhibit the pretransition and gel/liquid-crystalline
phase transition endotherms described above. Instead, they exhibit
one or more broader and considerably more highly energetic thermo-
tropic events at temperatures well above the range of the gel/liquid-
crystalline phase transitions observed upon initial heating. The occur-
rence of these thermotropic events is attributable to the formation ofstable and metastable lamellar-crystalline structures which convert to
the gel-liquid-crystalline phase upon heating, behavior which seems
to be analogous to that exhibited by pure DMPG bilayers (see FTIR re-
sults). The overall composition-dependent changes in thermotropic
phase behavior observed within this composition range are an upward
temperature shift of the pretransition relative to gel/liquid-crystalline
phase transition, a broadening andmodest upward shifts in the temper-
ature ranges and enthalpies of the gel/liquid-crystalline phase transi-
tion, and a downward shift in the melting temperature ranges and
melting enthalpies of the lamellar-crystalline structures as the TMCL
content of the mixtures increases.
Towards the other end of the compositional space (i.e., 70–100 mol
percent TMCL, deﬁned here as the TMCL-rich region), mixtures exhibit
the following patterns of thermotropic phase behavior. Upon initial
heating, these mixtures all exhibit a broad, fairly energetic lower tem-
perature endothermnear 20–25 °C, and amore cooperative higher tem-
perature endothermwhich is initiated at temperatures above 35 °C. The
lower-temperature endotherm is often preceded by a broad exothermic
event. These endothermic events seem to be analogous to the Lc/Lβ and
Lβ/Lα phase transitions, respectively, as described above for pure TMCL
bilayers. Upon cooling, the reversal of the Lβ/Lα phase transition exhibits
little or no hysteresis, whereas the reversal of the Lc/Lβ phase transition
is subject to considerable hysteresis such that it is initiated at tempera-
tures some 10 °C lower than the onset temperatures observed on
heating and is rarely complete over the time scale of our DSC cooling
scans (note the exothermic events which precede these transitions
upon heating). The heating thermograms observed immediately after
incubation at low temperature show virtually no changes in the charac-
teristics of the endotherms arising from the Lβ/Lα phase transitions of
these mixtures. However, the endotherms corresponding to their Lc/Lβ
phase transitions tend to be more cooperative, more energetic and up-
ward shifted in temperature when compared with those observed
upon initial heating. Also, these thermograms do not exhibit any dis-
cernable exothermic excursions. Our FTIR spectroscopic data (see
below) indicate that as described above for pure TMCL bilayers, the
changes in the Lc/Lβ phase transitions observed after low-temperature
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phase per se, and are probably the result of increases in the sizes of the
Lc phase domains formed during the low-temperature incubation pro-
cedure.Within this composition range, increases in TMCL content result
in modest monotonic increases in the temperature, enthalpy and
cooperativity of the two phase transitions resolved upon heating, and
the kinetics of formation of the Lc phases of these mixtures seem to be-
come more favorable with increasing TMCL content.
Between the compositional regions described above is a region
within which the calorimetric behavior of themixtures exhibits the fol-
lowing general properties. Upon initial heating, these mixtures exhibit
broad, multi-component higher-temperature endotherms, which may
be preceded by one ormoreweakly energetic lower-temperature endo-
therms. Our FTIR spectroscopic studies (see below) indicate that the
broad, seemingly multi-component higher-temperature endotherms
are all pure hydrocarbon chain-melting phenomena (i.e., Lβ/Lα phase
transitions), whereas the lower-temperature endotherms are analo-
gous to the conversion of lamellar-crystalline phases to the lamellar
gel phase (i.e., Lc/Lβ phase transitions). Upon cooling, the higher-
temperature endothermic events are seen to be fully reversible with lit-
tle or no hysteresis and with the retention of their multi-component
contours. The lower-temperature processes (when present) exhibit
considerable cooling hysteresis and it seems that they are only partially
reversed on the timescale of the DSC cooling scan. The heating thermo-
grams observed immediately after incubation at low temperature con-
tain a higher-temperature endotherm, the properties of which are
essentially indistinguishable from that obtained upon initial heating.
These thermograms also contain one or more lower temperature Lc/Lβ
phase transition endotherms which are considerably more energetic
than observed in the initial heating scans. Within this compositional re-
gion, the temperature ranges spanned by all thermotropic processes in-
crease with increasing TMCL content, and the overall properties of the
mixtures appear to bemore sensitive to compositional changes than ob-
served in the two other compositional regions alluded to above.We also
ﬁnd that within this compositional region, the structural characteristics
of the Lc phases present seem to change little as the TMCL content of the
mixture increases (see FTIR spectroscopic results).
Plots of the gel/liquid-crystalline (Lβ/Lα) phase transition midpoint
temperatures and enthalpies versus the composition of the binary mix-
ture are illustrated in Fig. 3. Comparable analyses of phase transitions
involving the Lc phases formed by these mixtures were not performed
because the nature of the Lc phases formed by the various mixtures isFig. 3. Effect of lipid composition on the transition temperature (Panel A) and transition enthal
and TMCL. The midpoint temperatures reported in panel A are the temperatures of 50 percent
perimentally determined values (±standard deviation) overlaid on the curve (dotted line) illus
as function of the mol% of TMCL, assuming ideal mixing of DMPG and TMCL.not always consistent across the compositional range. Moreover, be-
cause of composition-dependent variations in the kinetics of formation
these phases, one cannot be certain that the extent of formation of the Lc
phases of all of the mixtures is either complete or comparable. Because
of the asymmetry and multi-component nature of many of the thermo-
grams deﬁning the hydrocarbon chain-melting phase transitions, the
mid-point temperatures do not always coincide with their peak maxi-
ma. Thus, for the purposes of these analyses, the mid-point transition
temperature is deﬁned as the temperature at which the hydrocarbon
chain-melting phase transition is 50 percent complete, as estimated
from the area integrals of the scan-rate normalized DSC heating ther-
mograms. Fig. 3A shows that the changes in the gel/liquid-crystalline
phase transition temperatures of the binary DMPG/TMCL mixtures as
a function of lipid composition are not a linear function of phospholipid
concentration, whether plotted as a function of the mol % TMCL (solid
line) or, perhapsmore properly since TMCL contains 4 rather than 2 hy-
drocarbon chains per molecule, as a function of the mol fraction of the
hydrocarbon chains contributed by TMCL (dotted line). Instead, the ex-
perimental Tm values appear to fall between these two theoretical lines,
being closer to the mol % TMCL line at low TMCL concentrations and
closer to the mol fraction line of hydrocarbon chains at higher TMCL
concentrations. However, these deviations between the observed and
predicted Tm values are not great, indicating that the mixing of these
two lipids in the gel state is not far from ideal. In partial contrast, the
measured gel/liquid-crystalline phase transition enthalpy values also
vary non-linearly with the mol fractions of the lipid components, but
there appears to be a good linear correlation between the enthalpy
values and the mol fraction of the hydrocarbon chains contributed by
the TMCL component (Fig. 3B). However, this latter observation is not
very informative, as the similar per chain enthalpy values of DMPG
and TMCL would be expected to produce a linear relationship between
the transition enthalpy and mol % hydrocarbon chains whether the
mixing of these two components were ideal or not. The possible sig-
niﬁcance of the compositional dependence of the Lβ/Lα phase transition
temperatures of the binary mixtures of DMPG and TMCL will be ex-
plored later in the Discussion section.
3.2. Fourier transform infrared spectroscopic studies
Illustrated in Fig. 4 are the CH2 scissoring bands (top) and the C=O
stretching bands (bottom) exhibited by the three lamellar phases
formed by pure samples of DMPG (Panel A) and TMCL (Panel B).py changes (Panel B) of the Lβ/Lα phase transitions exhibited by binary mixtures of DMPG
conversion as estimated from the area integrals. In each panel, the data points are the ex-
trating the predicted changes in the mol% of TMCL hydrocarbon chains or on the solid line
Fig. 4. The CH2 scissoring (top) and C=O stretching (bottom) regions of the infrared spectra exhibited by the polymorphic phases formed by aqueous dispersions of DMPG (Panel A) and
TMCL (Panel B). Absorbance spectra are presented for: I. The lamellar liquid-crystalline (Lα) phase. II. The lamellar gel (Lβ) phase. III. Themetastable lamellar crystalline (Lc) phase ofDMPG
or the stable Lc phase of TMCL. IV. The stable Lc phase of DMPG.
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data shown therein have been presented elsewhere [35,36], but are
brieﬂy summarized here so that they can be directly compared with
the behavior of the binary mixtures. In the Lα phase (spectra I), both
lipids exhibit relatively broad absorption bands, consistent with the
high mobility of the vibrating groups examined. These absorption
bands sharpen signiﬁcantly when samples are cooled to gel-phase tem-
peratures (spectra II), consistentwith the overall decrease in themobil-
ity of all vibrating groups, which occurs at the transition from the ﬂuid-
like Lα to the solid-like Lβ phase. Fig. 4 also shows that the CH2 scissoring
and C = O stretching bands of DMPG and TMCL bilayers sharpen even
further upon annealing to their respective crystalline-like Lc phases,
such that distinctive patterns of infrared absorption can be discerned
(spectra III and IV). This sharpening is the result of further immobiliza-
tion of the CH2 and C = O vibrational groups to an extent that enables
speciﬁc patterns of close-contact interactions between hydrocarbon
chains in the bilayer core, and of distinct patterns of hydration and
hydrogen-bonding interactions in the polar/apolar interfacial regions,
respectively, to be discerned (for details, see [35,36]). Moreover, the
differences between the spectroscopic signatures of the Lc, Lβ, and Lα
phases of each lipid are quite distinct, thus facilitating the detection of
transitions between the various phases of these lipids. However, a com-
parison of the spectroscopic signatures of the various phases of DMPG
with those of comparable phases of TMCL reveals that the spectroscopic
characteristics of the Lβ and Lα phases of the two lipids are generally
similar (though not identical) [35,36], whereas those of the Lc phases
of the two lipids are markedly different. This latter property aided the
assignment of the nature of the phase transitions exhibited by the vari-
ous binary mixtures and development of a structural interpretation of
their spectroscopic characteristics.
The stacked plots shown in Figs. 5 and 6 illustrate the pattern
of thermally-induced spectroscopic changes exhibited by the CH2
stretching (Panel A), C = O stretching (Panel B) and CH2 scissoring
(Panel C) bands of two different DMPG/TMCL mixtures upon heating
after extensive low temperature equilibration. In both cases thespectroscopic data show evidence of thermally-induced discontinuities
in frequency at temperatures comparable to those of the various phase
transitions revealed by DSC. In particular, in the DMPG/TMCL (70/30)
mixture (Fig. 5A), the symmetric and asymmetric CH2 stretching
bands centered near 2850 and 2920 cm−1 exhibit a discontinuous de-
crease in frequency of about 3–4 cm−1 and an overall broadening
over the temperature range from about 20 to 35 °C, which corresponds
to the broad, fairly energetic, reversible phase transition detected
calorimetrically in this binary mixture (Fig. 2). Moreover, this phase
transition is also reversible, as shown by the FTIR spectra obtained
upon cooling (data not presented). Since signiﬁcant, thermally induced
decreases in CH2 frequency and band broadening are only observed in
conjunction with the introduction of gauche rotational conformers
into all-trans hydrocarbon chains, this FTIR spectroscopic behavior,
and the absence of the well resolved sharp C = O stretching and CH2
scissoring bands characteristic of Lc phases at temperatures above
about 20 °C (Fig. 5B, C), conﬁrm that the DSC endothermic observed
over the same temperature range is a chain-melting event correspond-
ing to a Lβ/Lα phase transition. As expected, shifts in the frequencies of
the C=O stretching and CH2 scissoring bands also occur over this tem-
perature range. In the case of the C = O stretching band, these changes
in band shape and overall frequency are due primarily to changes in the
relative intensities of the band components centered near 1743 and
1728 cm−1, which have been shown to arise from populations of free
and H-bonded hydrocarbon chain ester C = O groups, respectively
[37–39]. This shift in relative intensity of these two components of the
C = O stretching band is expected, since Lβ/Lα phase transitions are
always accompanied by an increase in boundwater in the interfacial re-
gion of the bilayer, which in turn increases H-bonding to the C = O
groups of the phospholipid fatty acyl chains. As well, a continuous de-
crease in the relative intensity and a broadening of the major compo-
nent of the CH2 scissoring band centered near 1468 cm−1, without a
shift in band frequency, also occur over the temperature range from
about 20 to 35 °C. This behavior has also been shown to arise from the
increase in hydrocarbon chain mobility and decrease in the strength of
Fig. 5. Stacked plot illustrating the temperature-dependent changes in the CH2 stretching
(A), C = O stretching (B) and C–H scissoring bands (C) exhibited by model membranes
derived fromabinarymixture ofDMPG andTMCL (70/30mol ratio). The absorbance spec-
tra presentedwere acquired upon heating after prolonged incubation at low temperature.
Fig. 6. Stacked plot illustrating the temperature-dependent changes in the CH2 stretching
(A), C = O stretching (B) and C–H scissoring bands (C) exhibited by model membranes
derived from a binary mixture of DMPG and TMCL (90/10 mol ratio). Data are presented
as the absorbance spectra observed upon heating after prolonged low temperature
incubation.
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carbon chains during the main phase transition [37–39].
The lower-temperature discontinuities in the temperature-dependent
changes in the FTIR spectra of the DMPG/TMCL (70/30)mixture observed
upon the heating of low-temperature equilibrated samples occur pre-
dominantly in the C = O stretching and CH2 scissoring bands and not in
the CH2 stretching bands, as expected (Fig. 4). These discontinuities
occur over the temperature range from about 10 to 20 °C, well below
the onset of the main phase transition detected calorimetrically and
spectroscopically. In the C = O stretching region of the FTIR spectra at
the lowest temperatures, the dominant feature is the broad absorption
band centered near 1735 cm−1, which upon deconvolution, seems to
consist of four component bands centered near 1743, 1734, 1725, and
1713 cm−1. Upon heating through the temperature range of the lower
phase transition observed by DSC (Fig. 2), these four C=O band compo-
nents are progressively replaced by two components centered near 1743
and 1728 cm−1, with the higher frequency component being dominant.
The lower temperature spectra are characteristic of the Lc phases of
many phospholipids and, as mentioned above, the higher temperature
spectra are characteristic of the Lβ phases formed by these phospholipids
[37–39] (see also Fig. 4). Note as well that this low-temperature disconti-
nuity in the C=Ospectra is not observedupon cooling (data not present-
ed), conﬁrming its lack of reversibility over the time scale of these FTIR
spectroscopic experiments, as also seen by DSC (Fig. 2B). Similarly, at
lower temperatures, the dominant feature of the CH2 scissoring band is
the presence of two components centered near 1473 and 1467 cm−1,
with the higher frequency component predominating, whereas uponheating, the higher frequency component near 1473 cm−1 progressively
decreases in intensity and disappears entirely when the low temperature
phase transition detected by DSC is complete. Again, the lower tempera-
ture spectra are characteristic of the Lc phases of many phospholipids,
while the higher temperature spectra are characteristic of Lβ phases
[37–39] (also see Fig. 4). As well, this temperature-induced discontinuity
is not observed in FTIR spectra collected in the cooling mode (data not
presented). Since the symmetric and asymmetric CH2 stretching spectra
over this range of temperatures are characteristic of all-transhydrocarbon
chains, the energetic, lower temperature, irreversible phase transition ob-
served calorimetrically must be a Lc/Lβ phase transition.
The stacked plots of the frequencies of the CH2 stretching, C = O
stretching and CH2 scissoring bands at various temperatures for low
temperature-equilibrated DMPG/TMCL mixtures of mol ratio 90/10
are presented in Fig. 6. In this system, a discontinuous decrease in the
CH2 stretching frequency occurs over a higher temperature range,
from about 28 °C to 36 °C. This temperature range corresponds to the
relatively energetic, fully reversible phase transition detected by DSC
(Fig. 2), and indicates that this higher temperature process involves hy-
drocarbon chain melting, as expected. As before, a splitting and shift in
frequency of the C = O stretching band accompanies this phase transi-
tion, but only small shifts in the frequency of the relatively broad CH2
scissoring band occur over this temperature range. This indicates that
the DSC endotherm observed between about 25 and 33 °C is due pri-
marily to a Lβ′/Lα phase transition. However, at lower temperatures,
the splitting of the CH2 scissoring band into two components centered
Fig. 7. Stacked plot illustrating the temperature-dependent changes in the CH2 stretching
(A), C = O stretching (B), and CH2 scissoring (C) bands exhibited by model membranes
derived from a binary mixture of DMPG and TMCL (90/10 mol ratio). The absorbance
spectra were acquired in the cooling mode after exposure to a temperature above the
gel/liquid-crystalline phase transition temperature of this mixture (50 °C).
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phase is also present, and the progressive loss in the relative intensity of
the 1457 cm−1 component over the temperature range from about 10–
20 °C indicates that some of this metastable Lc phase is undergoing con-
version to the Lβ′ phase. Nevertheless, the presence of two sharp com-
ponents in the C = O stretching region indicates that some of the
metastable Lc phase is also undergoing conversion to the stable Lc
phase over this temperature range, with this process being complete
at about 30 °C. However, the net energy change accompanying these
two simultaneously occurring processes must be too small, and/or
these processes must not be sufﬁciently cooperative, to be detected by
DSC. Upon further heating above about 30 °C, the stable Lc phase is
also progressively converted to the Lα phase. Finally, all DMPG/TMCL
mixtures containing less than 30 mol% TMCL exhibit qualitatively simi-
lar FTIR spectra.
The stacked FTIR spectra presented in Fig. 7 illustrate the phase be-
havior of the same DMPG/TMCL (90:10) mixture upon cooling from
higher temperatures. In general, the samequalitative changes in the fre-
quency and intensities of the CH2 stretching, C = O stretching and CH2
scissoring bands observed upon heating also occur over the tempera-
ture range from about 30 °C to 20 °C upon cooling, which is the same
range of temperature overwhich the single DSC cooling exotherm is ob-
served (Fig. 2B). This result is not surprising, since the phase transition
occurring upon cooling over this temperature range is a Lα/Lβ phase
transition and should thus exhibit only a slight hysteresis. We anticipat-
ed that the characteristic changes in the C= O stretching and CH2 scis-
soring bands observed upon heating over the temperature range from
about 10 to 20 °C would not be observed in the cooling mode, sincethese changes in band frequency are associated with solid–solid phase
transitions and should therefore be largely irreversible on cooling, and
to a large extent this was true. However, we note that as the sample
was cooled to low temperatures, there is, for example, an increase in
the intensity of the CH2 scissoring band centered near 1473 cm−1,
which suggests that the formation of some metastable DMPG-
enriched Lc phase is occurring over the time scale at which these FTIR
spectroscopic cooling experimentswere performed. That such a process
is not observed in the DSC cooling scans is not unexpected, since the ef-
fective time scale of the calorimetric experiment is considerably faster
than that for the spectroscopic one, such that sufﬁcient time for the for-
mation of signiﬁcant quantities of the metastable Lc is not available in
the former.
In order to further characterize the various lipid phases present in
these DMPG/TMCL binary mixtures at various temperatures, we per-
formed a spectral subtraction analysis of two different binary mixtures
using the C = O stretching and CH2 scissoring region of the spectra
(see Fig. S2A and B in the Supplementary section). The resultant spectra
obtained from theDMPG/TMCL (70:30) binarymixture at 20 °C are sim-
ilar to those of the stable Lc phase of pure TMCL obtained at the same
temperature (Fig. 5C). The fact that the Lc phase spectra obtained by
this method closely approximates the Lc phase spectra of pure TMCL
and not the Lc phase of pureDMPG indicates that at lower temperatures,
Lc phases composed almost entirely of a TMCL phasewhich has separat-
ed from this DMPG/TMCL mixture have formed, even though DMPG is
the dominant lipid present (70%). Similar spectral subtractions from
other DMPG/TMCL mixtures containing more than 30% TMCL indicate
that the rate and extent of Lc phase formation increases with increases
in TMCL content, although not linearly (data not presented).
In contrast to the relatively TMCL-enriched DMPG/TMCL (70:30)
mixture discussed above, the C = O stretching spectra exhibited by
the TMCL-depleted DMPG/TMCL (90:10) binary mixture obtained at ei-
ther 10 or 20 °C cannot be ﬁt by a combination of the Lc phase and Lβ
phase spectra of pure DMPG (Fig. S2A). This result indicates that a mix-
ture of stable and metastable DMPG-enriched Lc and Lβ phases must be
present, as well as another spectroscopically uncharacterized phase.
Nevertheless, subtracting the DMPG Lβ spectra (weighted at 65%)
from the overall spectra of this binary mixture obtained at either 10 or
20 °C results in residual spectra which are similar to the metastable
and stable Lc phases of pure DMPG, respectively. This result indicates
that at low temperatures, the metastable DMPG Lc phase predominates,
but that upon further heating, most of this metastable Lc phase converts
to the stable Lc phase. This is consistent with the DSC results obtained
for this binary mixture discussed earlier. A similar analysis of other
highly DMPG-enriched binary mixtures indicates that the rates and ex-
tents of Lc phase formation decrease as the content of DMPG decreases
(data not presented).
4. Discussion
In this studywe used a combination of high-sensitivity DSC and FTIR
spectroscopy to characterize the thermotropic phase behavior andorga-
nization of model bilayers composed of binary mixtures of DMPG and
TMCL. The combination of these two techniques enabled a fairly de-
tailed thermodynamic characterization of the polymorphic phases
formed and a reasonably accurate mapping of their phase boundaries
and structural characteristics. The results are summarized in the
temperature-composition pseudo-phase diagrams shown in Fig. 8A
and B, for the binary mixtures not exposed to low temperature anneal-
ing and exposed to low temperature annealing, respectively. The phase
boundaries shown thereinwere estimated from the area integrals of the
DSC thermograms (5–95% total area) and approximate the coexistence
ranges of all of the various phases that we have identiﬁed in this study
over the entire composition range. However, the phase boundaries
shown are, by deﬁnition, narrower than those deﬁning the “real”
phase-coexistence region and that this narrowing is disproportionally
Fig. 8. Temperature-composition pseudo-phase diagrams of binarymixtures of DMPGand
TMCL either not annealed at low temperatures (A) or annealed at low temperatures (B).
The phase boundaries shown represent the temperature ranges which encompass 5% to
95% of the total area under the DSC heating endotherm. Phase assignments were made
by FTIR spectroscopic measurements and the phase boundaries of the Lc/Lβ phase transi-
tions ofmixtures containing less than 20mol%TMCLwere estimated by FTIR spectroscopy.
The symbol #Lc indicates the presence of stable and metastable DMPG-like lamellar crys-
talline phases formed at TMCL concentrations b30 mol% and the symbol *Lc indicates the
presence of the stable TMCL-like lamellar crystalline phase formed at concentrations
N30 mol%. The gray areas of the phase diagram indicate areas of uncertainty in the inter-
polation of the experimental data.
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phase diagram.We also point out that these pseudo-phase diagrams ap-
pear to violate the phase rule for lipids undergoing ﬁrst order phase tran-
sitions, in that two-phase areas should be separated by one-phase regions
or three-phase lines in quasi-binary (excess water) temperature-
composition phase diagrams. The reason for this apparent behavior may
be due to the fact that the phase diagram presented in Fig. 8A was con-
structed from samples not annealed at low temperatures and is thus not
an equilibrium phase diagram, although this would not explain the
form of the phase diagram for the low temperature-annealed samples
presented in Fig. 8B,where this systemshouldbe in thermodynamic equi-
librium. We propose instead that the reason may reside in the “gray”
areas of the phase diagram near TMCL compositions between about
15–20 mol%. Samples prepared in this composition range were unstable
and produced non-reproducible DSC and FTIR spectroscopic results, and
so we could not accurately determine the phase behavior of samples in
this region of the phase diagram. Finally, we note that the tentative desig-
nation of the gel phases in the DMPG-enriched and TMCL-enriched re-
gions of the phase diagram as Lβ′ and Lβ (tilted and untilted hydrocarbon
chains, respectively) was based upon the behavior of the pure com-
pounds, and the fact that these were the determined gel phases in a
study of the closely related DPPG/TMCL system [40].We could not actual-
ly determine gel phase chain tilt in the present study.
Our data show that over the entire composition range, both low
temperature-annealed and unannealed DMPG/TMCL mixtures exhibit
energetic, reasonably cooperative and fully reversible hydrocarbonchain-melting (Lβ/Lα) phase transitions, which nevertheless exhibit
complex, multi-component DSC thermograms as one approaches equi-
molar concentrations of DMPG and TMCL. However, the midpoint tem-
peratures of the Lβ/Lα phase transitions of the mixtures vary only
slightly from that expected for idealmixing. In particular, these temper-
atures are somewhat lower than expected for ideal mixing overmost of
the compositional range when plotted as mol fraction of the hydrocar-
bon chains of each component, which is likely the most appropriate
plot for a mixture of phospholipids with two (DMPG) and four hydro-
carbon (TMCL) chains, respectively. The most likely explanation for
such behavior is that DMPG-DMPG and TMCL-TMCL contacts are fa-
vored in the gel phase, which results in an entropic penalty, reducing
the Gibbs free energy and thus lowering the gel/liquid-crystalline
phase transition temperature without effect on the enthalpy of the
phase transition. In contrast to our present results, ﬁndings of highly
non-ideal mixing and overall poor miscibility of cardiolipin with other
phospholipids is a common theme in almost all previous studies of mix-
tures of (natural) highly unsaturated cardiolipin with other (synthetic)
saturated phospholipids (see [31] and references cited therein). In such
studies, the effects of headgroup composition per se on the overall phase
behavior of suchmixtureswere almost certainly obscuredby the known
and potentially large effects of variations in fatty acyl group length and
degree of unsaturation on phospholipid miscibility, and by the fact that
the differences between the hydrocarbon chain-melting phase transi-
tion temperatures of the components were often quite large (≥30 °C)
(see [31] and references cited therein). In this study, the fact that near
ideal mixing is observed when the fatty acyl chains of the components
are identical and the difference between their Lβ/Lα phase transition
temperatures is more modest (~17 °C), indicate that the polar
headgroups of PG and CL actually mix quite well in their gel phase, at
least at higher temperatures, and likely also in the ﬂuid phase as well.
We also ﬁnd that after equilibration at low temperature, all of the
DMPG/TMCL mixtures studied exhibit a lower-temperature transition,
which arises from the direct conversion of a Lc to a Lα phase in mixtures
containing less than 20 mol% TMCL, and to an Lc to an Lβ phase in mix-
tures containingmore than 20mol% TMCL. Although not commonly ob-
served in lipid mixtures, Lc phase formation after incubation at low
temperatures has been observed in membranes composed of binary
mixtures of DMPE and TMCL [32] and of DMPC and DMPG [41], and in
multi-component biological membranes isolated from fatty acid-
homogeneous Acholeplasma laidlawii B [42]. As previously noted with
the Lc phases formed in binary mixtures of DMPE and TMCL and of
DMPC and DMPG, the composition of the mixture is a major determi-
nant of the thermodynamic characteristics of the Lc/Lα and Lc/Lβ phase
transitions observed here. However, like the DMPE/TMCL but unlike
the DMPC/DMPG mixtures, the midpoint temperatures and enthalpy
values of the Lc/Lα phase transitions exhibited by these DMPG/TMCL
mixtures containing less than 20 mol% TMCL decrease progressively as
the TMCL content of the mixture increases, whereas the midpoint tem-
peratures and enthalpy values of the Lβ/Lα phase transition observed in
mixtures containing more than 20 mol% TMCL increase with increasing
TMCL concentration. It thus appears that the structure and thermody-
namic stability of the various Lc phases formed in binary mixtures of
DMPG and TMCL annealed at low temperatures is largely driven by
the TMCL content of the mixture. This aspect of the behavior of these
DMPG/TMCL mixtures also differs markedly from that noted in compa-
rable studies of binary mixtures or DMPC and DMPG, in which the
apparent thermodynamic stability of the Lc phases formed seemed to
be dependent on the probability of 1:1 contacts between the two
components [41]. However, in binary mixtures of DMPE and TMCL,
the formation and thermodynamic stability of the Lc phase formed are
also primarily dependent on TMCL concentration [32]. In fact, very
low concentrations of TMCL (10 mol%) completely inhibit DMPE Lc
phase formation.
Our FTIR spectroscopic studies enabled an accurate assignment of
the various phases formed by these DMPG/TMCL mixtures over their
1 Although a number of biophysical studies indicate that the charge of the CL molecule
at the bilayer surface is−2 at neutral pH (reviewed in [31]), several titration experiments
indicate that the pKa of the second phosphate in the CL polar headgroup is pH 8, which
would make the charge of the CL−1 at pH 7 [43,44].
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orwithout low temperature annealing, aswell as identifying the speciﬁc
Lc phases formed. Although the FTIR spectra of the Lα and Lβ phases of
DMPG and TMCL (and other phospholipids) are different, the Lα and
Lβ spectra themselves are not phospholipid-speciﬁc and so donot reveal
information about the structure and phospholipid composition of these
two phases. However, the unique Lc phase spectra of the stable and
metastable Lc phases of DMPG and TMCL allowed us to determine the
type of Lc phase formed upon low temperature annealing, and thus
something about its structure and composition. In this regard, we note
that in DMPG/TMCL mixtures containing less than 20 mol% TMCL, the
stable and metastable Lc phases formed exhibit spectra similar but not
identical to the corresponding Lc phases formed by DMPG alone under
these experimental conditions, indicating that these phases are
enriched in DMPG, as expected. However, increases in the TMCL con-
centration in this high DMPG compositional range result in a decrease
in the temperature and enthalpy of the Lc/Lα phase transition, as
shown by DSC, and a relative increase in the proportion of metastable
to stable DMPG-like Lc phase present, as shown by FTIR spectroscopy.
In contrast, the spectra of the stable and metastable Lc phases formed
in DMPG/TMCLmixtures containingmore than 20mol% TMCL are near-
ly identical to those formed by TMCL alone, evenwhenDMPG is the pre-
dominate component. Moreover, DSC studies show that the
temperature and enthalpy of these Lc/Lβ phase transitions increase as
the TMCL concentrations increase. These results indicate that although
these two phospholipids mix relatively well in the gel phase, they
must mix much less well at lower temperatures where Lc phases are
thermodynamically favored. Thus, when DMPG/TMCL mixtures are
annealed at low temperatures, domains enriched in either DMPG or
TMCL must form, depending on the relative concentrations of the two
phospholipid components, and the corresponding Lc phases then nucle-
ate and grow from them. However, in DMPG/TMCLmixtures containing
less than 20 mol% TMCL, the FTIR spectra indicate the presence of Lc
phases similar but not identical to those formed by DMPG, and the
DSC data indicate that the thermal stability of these Lc phases decrease
markedlywith increases in TMCL concentration. Thus, even lowconcen-
trations of TMCL inhibit Lc phase formation byDMPG, evenwhen it is by
far the major component present. In contrast, at TMCL concentrations
above 20 mol%, FTIR spectra virtually identical to that of the Lc phases
of TMCL alone are observed, which suggests that domains highly
enriched in TMCL are forming even when DMPG is the major compo-
nent of themixture. Moreover, further increases in TMCL levels increase
the temperature and enthalpy of the Lc/Lβ phase transition present in
these mixtures. Since the structure and presumably the composition
of these TMCL Lc phases, once formed, seem to change little with chang-
es in the DMPG/TMCL ratio, the observed composition-dependent in-
creases in the Lc/Lβ phase transition temperature may be due to an
increase in the domain size of these Lc phases as TMCL levels increase.
In this regard, an enhancement of the thermal stability of the Lc phase
from an increase in domain size has also been inferred in studies of
pure TMCL vesicles [36], and in previous studies of the composition de-
pendence of the Lc phases formed in binary mixtures of DMPG and
DMPC [41]. Interestingly, in this latter system, small amounts of DMPG
inDMPC-richmixtures (or of DMPC inDMPG-richmixtures) also inhibit
the formation of Lc phases, which in this system become maximal at
equimolar phospholipid concentrations [41]. In contrast, in the DMPG/
TMCL system studied here and in the DMPE/TMCLmixture studied pre-
viously [32], DMPG and particularly DMPE have much weaker effects,
and TMCL has much greater effects, on inhibiting Lc phase formation
by the other component in the binary mixture, and Lc phase formation
is maximized at the compositional extremes of the pseudophase dia-
grams. The dominance of TMCL in determining the composition and
thermal stability of the Lc phases formed in binary mixtures may be re-
lated to the fact that the packing requirements of the quadruple-chain
phospholipid differ from those of the double-chain phospholipids,
such that the former self-aggregate in the gel phase more strongly atlower temperatures than the latter. In this regard, Prossnigg et al. [40]
have suggested that the small average cluster sizes (~50 lipids per clus-
ter) observed in the gel phase of DPPG/TMCL mixtures also indicate the
existence of packing inconsistencies between these double-chained and
tetra-chained phospholipids. However, the greater ability of TMCL com-
pared to DMPG and particularly DMPE to form Lc phases in binary mix-
tures apparently does not arise from its superior packing in this phase
once it is formed, since the temperature at which the stable Lc phase
of TMCL converts to the Lβ phase (about 37 °C) is lower than the tem-
peratures at which the stable Lc phases of DMPG and DMPE convert to
their Lα phases (about 40 and 58 °C, respectively).
It is instructive to compare the relative miscibilities of DMPG and
TMCL as studied here with those of DMPE and TMCL, which we have
studied earlier [32]. Such a comparison reveals that the width of the
gel/liquid-crystalline phase coexistence region is much greater in the
DMPG/TMCL binarymixture than it is in the DMPE/TMCL system.More-
over, plots of the gel/liquid-crystalline phase transition temperature as a
function of themol% fraction of hydrocarbon chains of each component
present also reveal that deviations from ideality are slightly greater in
the DMPG/TMCL than in the DMPE/TMCL mixture. These results indi-
cate that DMPE mixes even more ideally with TMCL than does DMPG.
One could speculate that the monoanionic nature of DMPG would in-
deedmake this lipidmix less ideally with the dianionic TMCL compared
to the zwitterionic DMPEdue to charge repulsion effects in DMPG/TMCL
mixtures, which would be lacking in the DMPE/TMCL system.1 Howev-
er, relative differences in the gel/liquid-crystalline phase transition tem-
peratures could also play a role, since in general the mutual miscibility
of two phospholipids decreases as the difference between their phase
transition temperatures increases [1]. In these two mixtures, there is
about a 17 °C difference in the phase transition temperatures of DMPG
(about 23 °C) and TMCL (about 40 °C), whereas there is only about a
10 °C difference between the phase transition temperatures of DMPE
(about 50 °C) and TMCL (40 °C). However, differences in such factors
as polar headgroup size and H-bonding ability could also play a role
here.
In closing, it is gratifying to compare the results of our DSC and FTIR
spectroscopic studies of the thermotropic phase behavior of DMPG/
TMCL mixtures with the study of Lohner and colleagues of DPPG/
TMCL mixtures by DSC and X-ray diffraction [40], which to our knowl-
edge is the only other published study of a synthetic PG/CL lipid bilayer
model membrane. As discussed earlier, we chose to study the DMPG/
TMCL system so that the hydrocarbon chain length and structure
would be identical for both phospholipids, such that the effects of differ-
ences in polar headgroup structure only between these two phospho-
lipids could be isolated. Moreover, in bacterial membranes, where
these two phospholipids occur together in relatively high amounts,
the fatty acid compositions of PG and CL are usually essentially identical
[8–10]. However, there is a moderate difference (about 17 °C) in the
main phase transition temperatures of DMPG (about 24 °C) and TMCL
(about 41 °C), and this difference itself may contribute to themixing be-
havior of these two phospholipids (see [1] and references therein). In
contrast, there is a two methylene difference in hydrocarbon chain
length between DPPG and TMCL, which would be expected to decrease
the intrinsic miscibility of these two phospholipids. However, the main
phase transition temperatures of these two phospholipids are essential-
ly identical, which would be expected to increase their miscibility.
Moreover, the thermal histories of the binary mixtures in the two stud-
ies were somewhat different, in that we studied samples which were
exposed to low temperatures for either only a very short time (about
10 min) or a rather long time (several days), whereas the studies of
Lohner and colleagues were on samples with intermediate times of
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studies are at least qualitatively quite similar, especially when differ-
ences in the extent of stable and metastable Lc phase formation at low
temperatures are considered. In particular, both studies ﬁnd that only
at low CL concentrations (b20 mol%), does a PG-like pretransition
occur whose temperature increases and enthalpy decreases with in-
creasing CL content. Moreover, PG-like Lc phases form upon exposure
to low temperatures and the thermal stability of these Lc phases de-
creases with increases in CL content, but DMPG-like Lc phases are
again not formed at CL concentrations of 20 mol% and higher. As well,
both groups ﬁnd that the overall thermotropic phase behavior of PG/
CLmixtures is dominated by the CL component overmost of the compo-
sition range and that CL-like Lc phases form in PG/CL mixtures contain-
ing relatively low concentrations of CL, especially when incubated at
low temperatures. Finally, both studies report that the temperature
and enthalpy of themain phase transition suggest near ideal mixing be-
havior, especially at higher CL concentrations, if the composition of the
mixture is expressed as the mol% fatty acyl chains are present. Thus,
both studies ﬁnd that PG and CL mix well when differences in either
their fatty acid composition or relative gel/liquid-crystalline phase tran-
sition temperatures are abolished, in contrast to previous studies
employing natural CLs which contain a mixture of highly unsaturated
hydrocarbon chains and synthetic saturated phospholipids.
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